Many communities are located near multiple sources of pollution, including current and former industrial sites, major roadways, and agricultural operations. Populations in such locations are predominantly low-income, with a large percentage of minorities and non-English speakers. These communities face challenges that can affect the health of their residents, including limited access to health care, a shortage of grocery stores, poor housing quality, and a lack of parks and open spaces. Environmental exposures may interact with social stressors, thereby worsening health outcomes. Age, genetic characteristics, and preexisting health conditions increase the risk of adverse health effects from exposure to pollutants. There are existing approaches for characterizing cumulative exposures, cumulative risks, and cumulative health impacts. Although such approaches have merit, they also have significant constraints. New developments in exposure monitoring, mapping, toxicology, and epidemiology, especially when informed by community participation, have the potential to advance the science on cumulative impacts and to improve decision making.
INTRODUCTION
Environmental regulations generally set limits for individual pollutants in air, water, soil, food, and other sources. Although this approach has been effective in controlling some exposures, it does not account for multiple pollutants from multiple sources and fails to incorporate nonchemical stressors and health vulnerabilities. Health disparities that disproportionately affect minority and low-income populations may enhance the vulnerability of these individuals to the effects of environmental chemicals. Cumulative exposures to environmental stressors, against a background of vulnerability, can result in heightened cumulative health risks and impacts across a population. Although the importance of cumulative impacts is conceptually obvious, the task of measuring and quantifying these impacts is enormously challenging.
Quantitative assessment of cumulative risk is impractical or impossible in many real-world situations because data on interactions among environmental stressors are unavailable, information on place-and population-specific exposures is lacking, and validated models relating exposure to effect for multiple chemicals and combinations of chemicals do not exist (58) . The public health community has been faced with reconciling the need to assess cumulative impacts as part of an informed decision-making process in the absence of sufficient information and appropriate tools to adequately do so.
Numerous approaches have been used in different contexts to evaluate some aspects of cumulative exposures, cumulative risks, or cumulative impacts. These tools each have strengths and limitations and serve various purposes. Some approaches are more quantitative, whereas others are more qualitative; some involve more community participation than others do. We review evidence and mechanisms by which environmental exposures may interact with psychosocial and other stressors to exacerbate health impacts. Our main focus, however, is on methods that have been used to characterize cumulative impacts. Here we examine biomonitoring, health risk assessment, ecological risk assessment, health impact assessment, burden of disease, and cumulative impacts mapping as established approaches to evaluate aspects of this issue; we also review emerging approaches that may enhance the scientific understanding of cumulative impacts.
BACKGROUND AND EVIDENCE OF CUMULATIVE IMPACTS
Research and public health data have documented systemic disparities in the incidence and severity of diseases along socioeconomic and racial/ethnic lines (see http://www.healthypeople.gov). Many such diseases, including asthma, cardiovascular disease, adverse reproductive outcomes, and cancer, are associated with both social stressors and environmental factors. The interaction of environmental and social stressors has been referred to as a "double jeopardy" (31) .
Four key concepts underlie cumulative impacts:
1. Health disparities are linked to social and environmental factors for many diseases;
2. Inequalities in exposures to environmental hazards are significant; 3. Intrinsic biological and physiological factors can modify the effects of environmental factors; and 4. Extrinsic social vulnerability factors at the individual and community levels may amplify the effects of environmental hazards.
These concepts have complex interrelationships and feedback loops. For instance, environmental exposures and social vulnerability can increase rates of health conditions, thereby heightening biological susceptibility to additional environmental exposures (40, 76) . One example is the association between poor housing quality and exposure to indoor antigens from cockroaches or mold, 84 Solomon et al.
thereby increasing the risk of respiratory symptoms and in turn increasing host vulnerability to outdoor air pollutants such as ozone. Vulnerability includes both intrinsic and extrinsic vulnerability. Intrinsic vulnerability includes genetic susceptibilities as well as underlying chronic health conditions. For example, people with low levels of the enzyme paraoxinase are more susceptible to adverse effects from exposure to organophosphate pesticides; paraoxinase levels have been reported to average fourfold lower in neonates than in adults, with a variation of up to 164-fold across individuals in a population (22) .
Extrinsic factors, such as poverty, food insecurity, poor housing quality, linguistic isolation, exposure to violence, and poor neighborhood quality can heighten vulnerability to environmental agents. For example, low socioeconomic status may worsen the adverse effects of short-and long-term exposures to air pollution (46) . Children exposed to violence in an environment with higher levels of air pollution had 1.6-to 2.4-fold higher rates of asthma diagnosis (13) . Increased family stress is predictive of increased asthma symptoms from traffic-related pollution exposures in children (11, 60) . Low neighborhood socioeconomic status may also amplify the risk of air pollution-related preterm births, lower birthweight, and adult mortality (20, 39, 50) .
Allostatic Load
The concept of allostasis-meaning, "maintaining stability through change"-is one model for understanding the relationship between health outcomes, psychosocial stressors, and environmental exposures (35, 36) . Allostatic load is the cumulative physiologic degradation that may result from chronic stress exposure and the accompanying long-term shift in homeostatic functions (57) . The cascade begins with primary stress mediators such as catecholamines and cortisol, leading to primary, secondary, and tertiary outcomes. Cortisol levels have been used as a primary marker of allostatic load (32) . Nonspecific secondary biomarkers of allostatic load include inflammatory, immune, metabolic, and cardiovascular responses (16) . Some researchers have explored telomere length as a potentially useful tertiary biomarker of allostatic load (75) . Data have shown that adverse childhood experiences increase allostatic load and inflammatory biomarkers later in life (17) . Higher allostatic load, especially in childhood, has also been associated with a range of diseases, including myocardial infarction, asthma, mental distress, and overall disability (26) .
Numerous socioeconomic factors contribute to allostatic load, such as residential crowding, noise, poor housing quality, exposure to violence, or experiences of racial discrimination (34) . A study of African American residents of low socioeconomic status showed that walking past blighted vacant lots significantly increases heart rate, whereas walking past green lots lowers heart rate, indicative of environmental influences on allostatic load (61) . Correlations between race/ethnicity, socioeconomic status, and allostatic load have been established (25, 56) . Allostatic load may also amplify the adverse effects of environmental chemical exposures, such as lead exposure on risk of hypertension among adults and the effect of housing quality on asthma risk in children (27, 49, 55, 77) .
ASSESSMENT METHODS FOR CUMULATIVE IMPACTS
Some cumulative impact assessment methodologies focus on populations or geographic areas, whereas others evaluate the impacts of emission sources, chemicals, policies, or programs (see Table 1 ). Few approaches to cumulative impacts aim to incorporate all types of stressors and vulnerabilities. Methodologies also differ in the degree to which they require quantitative or qualitative data, as well as the degree of community engagement they include (see Figure 1) . These different approaches to cumulative impacts analysis are illustrated by six widely used approaches: biomonitoring, health risk assessment, ecological risk assessment, health impact assessment, burden of disease, and mapping of cumulative impacts.
Biomonitoring
Studies conducted in the 1980s and 1990s evaluated multiple simultaneous chemical exposures in the population (59, 69) . These studies demonstrated that people are exposed to numerous chemicals at any time and monitored multimedia personal exposures through air monitoring, assessment of chemicals in carpet dust, and surface wipe sampling. The expense and complexity of these "total exposure" studies made them difficult to continue longitudinally, and, in recent years, the focus has shifted toward biomonitoring. Although biomonitoring is a very efficient way 
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Figure 1
Cumulative impacts assessment tools: analytical method and levels of community engagement. DALYs, disability-adjusted life years.
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to measure a large number of chemicals in humans, it does not effectively pinpoint sources of exposure, a benefit of earlier studies. The capacity to monitor for chemicals and other biological markers in blood, urine, and biologic fluids has expanded dramatically in recent years. Studies have moved from measuring a handful of biomarkers for chemicals such as lead, mercury, and polychlorinated biphenyls (PCBs) to measuring ∼265 chemicals in a representative subsample of the US population (9) . Biomonitoring studies have demonstrated that almost everyone, including susceptible groups such as pregnant women, has hundreds of chemicals measurable in his/her body at any point in time, thereby proving the existence of cumulative environmental exposures (7, 72) .
Data from the National Health and Nutrition Examination Survey demonstrated that mercury concentrations are significantly higher in Asians and Native American/Pacific Islanders (28) . These findings are consistent with data showing higher rates of fish consumption in these groups. Other studies have shown higher concentrations of organochlorine pesticide metabolites in Latinos; these exposures have been linked to a higher risk of diabetes in this population (15) .
Biomonitoring has shown co-occurrence of multiple chemicals of the same class, such as mixtures of organophosphate pesticides or phthalates, as well as multiple chemicals that act via similar biological mechanisms. For example, numerous estrogenic chemicals are present in samples, as are numerous neurotoxic agents. These findings suggest the need to evaluate combined exposures. Agencies such as the US Environmental Protection Agency (USEPA) and the California Environmental Protection Agency (CalEPA), which are engaged in cumulative risk assessment, are beginning to attempt to do just that.
Health Risk Assessment
Risk assessment seeks to quantify the probability of adverse health effects of chemicals at different exposure levels. Risk assessments traditionally examine one chemical at a time and often evaluate exposures through only one environmental medium, such as air or water. Such a narrow approach can be useful for deriving regulatory numbers, but it is likely to miss significant sources of combined risk. Risk assessments for cleanups of contaminated sites were among the earliest to evaluate the potential health risks of multiple chemicals. In the 1980s, several organizations developed toxic equivalence factors (TEFs) for dioxin and dioxin-like chemicals on the basis of their relative potency, allowing these chemicals to be assessed together rather than individually (68) . This approach assumes that each chemical acts via the same biological mechanism and that doses are additive, which is not always the case. Although the early TEFs included only a few closely related chemicals and reflected an incomplete understanding of the toxicology, they became a model for later efforts to combine chemicals in risk assessments. Since the 1980s, the USEPA and CalEPA risk assessment guidance documents have included the assumption that cancer risks from exposure to multiple carcinogens are additive (10, 66) . Exposures to multiple noncarcinogens are addressed generally by assuming that effects are proportional to the sum of the ratios of exposure levels to threshold guidance levels (hazard quotients and index). Overall sums greater than unity suggest the potential for health effects.
The environmental justice movement in the 1980s raised concerns about cumulative environmental exposures (5 strategy has not proven easy to implement, and there are few examples of such risk assessments. One example was the cumulative risk assessment for the organophosphate pesticides, but that approach was focused on a group of chemicals thought to act via a common biologic mechanism (acetylcholinesterase inhibition). In 2004, the National Environmental Justice Advisory Council (NEJAC), an advisory body to the USEPA, provided guidance about the short-term and long-term actions that the Agency should take to implement the concepts in its Framework (29, 44) . The NEJAC urged consideration of nonchemical stressors and community vulnerability and called for community-based participatory research. Finally, the NEJAC pointed out the value of efficient screening and priority-setting tools that can be used by all stakeholders and the importance of qualitative information in domains where quantitative assessment is not viable in the near term.
In 2009, the National Research Council (NRC)'s Science and Decisions: Advancing Risk Assessment observed that "research and regulatory action related to cumulative risks have been conducted for decades without much advancement beyond chemical stressors in a small number of contexts" (43, p. 224). Noting the complexity involved, the NRC emphasized "a need for simplified risk assessment tools . . . [to] allow communities and stakeholders to conduct assessments and thus increase stakeholder participation" (43, pp. 10, 267). The NRC recommended focusing on evaluation of risk management options instead of on characterization of problems.
Health risk assessment is limited by the typical requirement that it generate a numerical estimate of risk. Data limitations make it very difficult to perform this task even on a single chemical, let alone on a combination of multiple stressors. It is worrisome that many assumptions built into risk assessment may bias toward underestimation of cumulative impacts. For example, risk assessments of noncarcinogens utilize a model that assumes a safe threshold in the population below which no health effects would occur. However, complex background exposures, when combined with differential vulnerability, may eliminate such thresholds.
Ecological Risk Assessment
Ecological risk assessment was developed in the 1990s. Unlike health risk assessment, ecological risk assessment incorporated the concept of cumulative impacts from its inception. The concept is founded on ecosystem science and the importance of the interrelationships of the plants and animals in a habitat. Ecological risk assessment evaluates the likelihood that adverse ecological effects occur as a result of exposure to one or more stressors (63) . Ecological risk assessments are generally place-based and semi-quantitative or qualitative, rather than chemical-based and quantitative. Stressors include chemicals and other pollutants but also include such issues as the impacts of development, fishing, grazing, and the introduction of species. Effects are assessed on the ecosystem as a whole as well as on specific species of concern within the ecosystem.
The NRC provided insights on how ecological risk assessment could be adapted to human health assessment (42) . One approach is to start by establishing the existence of a health concern, then determine the relevant stressors, and develop a conceptual model linking stressors and the outcome of concern (37). A conceptual community-based model could focus on the wide variety of sources in the community-chemical and nonchemical-that might affect outcomes in the initial screening-level analysis of the problem. A screening assessment would then reduce the number of stressors to those that might have the greatest influence based on analytical determinations, consultations with stakeholders, or both. The approach then emphasizes those sources that could be feasibly addressed.
A limitation of this approach is an overreliance on epidemiological studies that link environmental exposures and other stressors with outcomes (43) . The advantage of this approach is a broad scoping of chemical and nonchemical stressors, with the opportunity to surface a full range of options for consideration. For example, in an area with high rates of asthma and cardiovascular disease, an agency with the authority to reduce exposures to air pollutants and greenhouse gas emissions could focus on other related community improvements. Ideally, through the involvement of the community and other stakeholders, the process would enable decision-makers in partnership with communities to discriminate among options and construct feasible solutions. Although the application of ecological risk assessment to cumulative impacts in human communities may have potential, the methodology is in its infancy and has not yet been proven in practice.
Health Impact Assessment
Health impact assessment (HIA) shares certain commonalities with ecological risk assessment, as adapted to human communities. The roots of HIA, however, are not in risk assessment but in environmental impact assessment under the National Environmental Policy Act (NEPA) and similar state statutes. Such statutes have required cumulative impacts assessment since their inception. HIA emerged in the 1990s as an approach to evaluate human health consequences of decisions or projects, either under NEPA or as a stand-alone analysis (14, 70) . The NRC defined HIA as "a systematic process that uses an array of data sources and analytic methods, and considers input from stakeholders to determine the potential effects of a proposed policy, plan, program, or project on the health of a population and the distribution of those effects within the population" (42, p. 46).
HIA considers impacts from environmental factors and from economic, political, social, and psychological contributions. A 1999 consensus paper from the European Center for Health Policy outlined the underlying conceptual framework of HIA, including a right to public participation (democracy) and the importance of understanding the distribution of impacts to populations with respect to gender, age, ethnic background, and socioeconomic status (equity) (18) . Unlike health risk assessment, the ultimate outcomes of HIA are mostly qualitative (8) .
An early HIA evaluated proposed oil and gas development on Inupiat communities in Alaska's North Slope (70) . This qualitative assessment identified potential health risks that included multiple pollutant sources from oil processing, traffic, road dust, gas flares, and machinery. Potential exposure to pollutants from the consumption of marine mammals, fish, and game and nonpollution contributions including psychological and social pathology, injury, food insecurity, and infectious disease were also included. The information from an HIA can be very useful, but the generally qualitative nature sometimes makes it challenging for use in decision making. Furthermore, HIAs conducted in the context of evaluating multisource community impacts may become time-consuming and challenging to manage.
Burden of Disease
The original Global Burden of Disease (GBD) study was published in 1993 and included quantitative estimates for 107 diseases and 483 nonfatal health consequences (73) . A 2013 update presents estimates of all-cause mortality, deaths by cause, years of life lost, years lived with disability, and disability-adjusted life years by country, age, and sex for 323 diseases and injuries, 67 risk factors, and 1,500 sequelae for 188 countries (24, 30) .
Measuring and comparing the cumulative disease and injury burden in populations requires a composite metric that captures both premature mortality and the prevalence and severity of illhealth. The GBD study uses disability-adjusted life years (DALYs) to measure disease burden (41) . The DALY is a time-based measure that combines years of life lost due to premature mortality and years of healthy life lost due to disability. The DALY approach has some advantages over
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risk assessment in that it incorporates information on both the severity and the duration of health impacts, generates a metric that is more easily understandable and relevant than risk or probability, and creates a single unified metric that can be compared across communities or countries. Environmental factors have long been included in the GBD, with a focus on infectious diseases, malnutrition, and water quality. Other factors that have been evaluated include indoor and outdoor air pollution, lead poisoning, tobacco use, and occupational exposure to carcinogens, particulates, and noise (3). The DALY has been used in several studies to comparatively and quantitatively assess the cumulative impact of environmental pollution (23) . In one case study of an urban environment, researchers evaluated cumulative health risks associated with particulate matter and four volatile organic compounds in air and six pesticides in food (51) . The researchers evaluated exposures in multiple microenvironments (e.g., home, school, vehicle) for three age groups. The DALY analysis indicated that indoor air pollutants are of particular health importance and that particulate matter is a major source of risk.
The GBD method is limited by major uncertainties about health outcomes, attributable risk associated with environmental diseases, and a failure to adequately address the multifactorial nature of disease (3). Many important stressors cannot be quantified using the GBD approach and are ignored in these assessments. Qualitative data cannot be effectively incorporated into a GBD analysis, thereby significantly limiting its utility. The GBD method also typically does not include community or public input.
Mapping Cumulative Impacts
Novel mapping approaches have been developed in recent years by environmental agencies and community-academic partnerships to screen for cumulative impacts. The uses of such tools include identifying areas of concern for environmental justice (1, 64); targeting Greenhouse Gas Reduction Fund monies generated through California's cap-and-trade program (6); and identifying areas to improve land use planning and regulatory enforcement (47, 53, 54) . The key to this approach is the use of geographic information systems (GIS) mapping to integrate chemical and nonchemical stressors, vulnerability, and background risk factors in a semiquantitative manner. This strategy is consistent with the NEJAC and NRC's call for the development of tools that are simple and understandable to communities (43) .
Developed by researchers in collaboration with environmental justice advocates and scientists from the California Air Resources Board, the Environmental Justice Screening Method (EJSM) maps cumulative impacts using a large set of health, environmental, and social vulnerability measures organized in five categories: (a) hazard proximity and land use; (b) estimated air pollution exposure and health risk; (c) social and health vulnerability; (d ) climate change vulnerability; and (e) drinking water quality. The method results in a cumulative ranking based on all the census tract-level indicators, which is then presented visually as statewide and regional maps (54) . In addition to calculating a total score, the EJSM enables investigators to examine each of the five categories separately, which facilitates uses tailored to various decision contexts. The EJSM effort included a process of ground-truthing results in which community partners, supported by researchers, gathered data about pollution sources and their proximity to concentrations of people, such as the elderly, young children, and people with chronic health conditions, who are most vulnerable to pollution (53) .
The California Communities Environmental Health Screening Tool (CalEnviroScreen), developed by the California Office of Environmental Health Hazard Assessment, enables researchers to identify communities in California that are burdened by multiple sources of pollution and face different types of health and socioeconomic vulnerability (47) . The tool's creation stems from 90 Solomon et al.
the CalEPA's Environmental Justice Action Plan, which called for the development of guidance on multimedia cumulative impacts to reduce pollution in communities that are most burdened. CalEnviroScreen was developed through a public process that included extensive community input and is composed of indicators that incorporate the following concepts:
Contact with pollutants (exposures), Environmental threats and adverse conditions (environmental effects), Populations with biological traits that may magnify the effects of pollutants (sensitive populations), and Community characteristics that may increase vulnerability to pollutants (socioeconomic factors).
Potential data sources that represent each of these concepts were evaluated for relevance, accuracy, currency, and availability for analysis. The 2014 version of CalEnviroScreen is composed of 19 indicators, evaluated at the census tract scale and scored relative to other census tracts. Indicator scores are combined to calculate an overall cumulative impact score, allowing a relative comparison of the cumulative burden on communities (47) .
NEW TOOLS FOR UNDERSTANDING CUMULATIVE IMPACTS
The methods described above have enabled significant progress toward improving the field's understanding of cumulative impacts, but each of these approaches has significant limitations. Some methods are useful at present only for screening-level evaluations; others are constrained by quantitative data limitations. No single method is tailored to the needs of all actors and decision makers, and multiple approaches will have utility.
It is timely to advance the science to incorporate emerging tools. In the field of exposure science, new sensor technologies offer the promise of portable-even wearable-monitors that can capture multiple human microenvironments in an integrated exposure assessment for one or multiple chemicals. Such monitors can be combined with cell phone location information and video capability to gather extensive information about environmental exposures. Some new sensors offer real-time exposure reporting, whereas others are slower but can sample for many chemicals at once.
Other advances in exposure science, such as nontargeted and semitargeted biomonitoring, remove the constraint of selecting test chemicals in advance. Nontargeted biomonitoring methods can identify novel priority compounds for confirmation and quantification through targeted analysis. This tiered approach to chemical biomonitoring can become an integral part of characterizing the "exposome" (71) . Place-based biomonitoring could be done to develop geospatial cumulative exposure profiles. Mapping tools can also highlight areas of concern where targeted biomonitoring might be warranted. Communities living in areas impacted by pesticides or industrial emissions could collaborate in the development of biomonitoring and results communication protocols (38) .
New tools in toxicology include mechanistic and predictive approaches, as well as rapid screening in vitro or in nonmammalian systems. The massive influx of new data from cell-based testing systems such as the USEPA ToxCast is one example of potentially valuable information (65) . These systems allow researchers to detect perturbations in biological pathways involved in disease and may be an effective way of screening thousands of chemicals for potential toxicity. Because cell-based assays evaluate common biological pathways, they can generate new hypotheses about cumulative impacts. For example, such methods can identify multiple chemicals that interact with pathways that are relevant to diseases of interest. Cell-based systems allow investigators to screen toxicity from combinations of chemicals, potentially enabling quantitative assessment of mixtures. One characteristic of mechanistic toxicology is the focus on understanding how chemicals and other agents work at the cellular and tissue levels to perturb biological pathways relevant to disease. This understanding may allow improved prediction of how multiple pollutants interact within the body to cause disease. This concept has been elaborated in a multipollutant risk assessment framework for air pollutants (4) . Another new development is the availability of highly diverse mouse populations designed to simulate human diversity. The Collaborative Cross is a panel of hundreds of different inbred strains with full genomic sequencing (62) . The Diversity Outbred population is constructed of genetically unique individuals (12) . These models offer information about gene-environment interactions, susceptibility, and the impact of individual or combined stressors on response. For example, diverse mice have illuminated genetic susceptibility to micronuclei formation for benzene, liver toxicity for trichloroethylene, and diet on intestinal cardiometabolic-related microflora (21, 45, 74) . Co-exposures to arsenic and trichloroethylene have also been conducted (2) . These experiments improve our understanding of combined stressors in susceptible groups. Toxicogenomics within these experiments may uncover underlying pathways related to susceptibility.
Human epidemiology has historically been hampered by long latency periods between exposure and disease. Biologic markers of effect from in vitro and metabolomic analyses are aiding molecular epidemiologic studies to become more predictive. Some researchers have taken the concept of effect biomarkers one step further by proposing that cumulative impacts may soon be measurable as "neighborhood-specific epigenetic markers" (48) . The chemical modifications of DNA and chromatin that regulate gene expression (the epigenome) are known to be altered by environmental conditions (52) . Advances in microarray technology are making it possible to detect epigenetic changes (33) . It may eventually be possible to compare epigenetic patterns across different populations or communities and identify patterns that represent a marker of cumulative impacts in a population or group.
In the near term, case studies on chemical mixtures could help quantify health outcome variability in the population associated with social vulnerability factors. This information could help assess whether current safety factors used to derive risk-based standards to protect susceptible groups are truly protective of socially vulnerable populations. Ultimately, as science develops a better understanding of cumulative impacts, standard approaches in risk assessment may need to change to assure the protection of public health. Environmental and social stressors clearly converge in disadvantaged communities, and tools to measure these impacts are needed for improved decision making. The use of cumulative impact methods increases the likelihood that disadvantaged neighborhoods may receive critical attention, improving existing conditions and reducing future harm.
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